A coupled thermo-mechanical model was developed to study the temperature fields
Introduction
Friction stir welding (FSW) is a solid state joining technique invented and patented in late 1991 by The Welding Institute (TWI). FSW is a process, in which specially shaped cylindrical tool is rotated and plunged into the abutting edges of the parts to be welded as shown in fig. 1 . As the tool is moved along the joint line, the friction from the rotating tool heats the materials to the extent that it plastically deforms and flows from the front of the tool to the back, where it subsequently cools and produces a weld, i. e. weld is created by the combined action of frictional heating and mechanical deformation due to the rotating tool. The tool has a circular section except at the end where there is a threaded probe or more complicated flute, the junction between the cylindrical portion and the probe is known as the shoulder. The probe penetrated the welding plate, where as the shoulder rubs with the top surface. Use of FSW provides high quality welds, without voids, cracking.
Complex thermo-mechanical conditions exist in the near field matrix around the tool during the process which is categorized as thermo-mechanically affected zone (TMAZ) in the welding plate. This is also the zone that affects successful weld formation without a void. TMAZ is mostly in the plastic state and it is experimentally difficult to determine the temperatures in the welding plate due to large deformation of the material. Understanding of the complex thermo-mechanical conditions prevalent during the process in this zone can lead to better control of the weld formation process. This paper investigates the linear welding phase using 3-D finite element (FI) model. A coupled thermo-mechanical 3-D FE model has been developed in ABAQUS/Explicit using the arbitrary Lagrangian-Eulerian formulation and the Johnson-Cook material law. The contact forces are modeled by Coulomb's Law of friction, making the contact condition highly solution dependent.
Determination of the material properties
In the present work, material of the welding plate is Al 2024-T351. Chemical composition of 2024-T351 aluminum: Aluminum (Al) -balance, Cu -4.52, Mg -1.60, Mn -0.65, Fe -0.28, Si -0.12, Zn -0.09, Ti -0.16, Cr -0.01, other, total -0.02% [1] . The thermal and mechanical properties used in this model are given in tab. 1. The material of the tool is steel 155CrVMo121. The material of the backing plate is steel 42CrMo4. The elastic-plastic Johnson-Cook material law provides the dependence of the current yield stress on plastic strain, plastic strain rate and temperature -see eq. (3). The influence of temperature on the material thermal properties is not pronounced in the case of FSW, because their change with temperature is not large. 
Numerical analysis

Geometry and finite element mesh
The dimensions of the welding plate in the 3-D numerical model are 100´50´3 mm. Finite element C3D8RT [4] is used in the analysis; it is a thermo-mechanically coupled hexahedral element with 8-nodes, each having trilinear displacement and temperature degrees of freedom. This element produces uniform strain (first-order reduced integration) and contains hourglass control [5] .
In order to get a reliable numerical result, detailed analysis has been conducted on different finite element meshes. In this paper, only the model which resulted in convergent solution is presented. The finite element mesh consists of 32298 nodes and 28522 elements. The tool and the backing plate are modeled as rigid surfaces having no thermal degrees of freedom. The tool has a conical pin and shoulder has a radius of 9 mm, fig. 2 . The numerical model of welding plate, tool and backing plate is shown in fig. 3 . The welding tool, which is used in numerical analysis, has a cylindrical pin and shoulder a radius of 3 and 9 mm. 
Governing equations for thermal analysis
In Abaqus/Explicit the heat transfer equations are integrated using the explicit forward-difference time integration rule [4] :
where q N is the temperature at node N and the subscript i refers to the increment number in an explicit dynamic step.
Governing equations for mechanical analysis
The equation of motion or mechanical response of the workpiece is given by [4] :
where r is the density, k -the stiffness coefficient, p -the body force, and r u -the displacement vector.
Johnson-Cook elastic-plastic model
A temperature and strain rate dependent material law is implemented using the elastic-plastic Johnson-Cook material law [6] : 
where T melt = 502°C is the melting point or solidus temperature, T room = 20°C -the ambient temperature, T°C -the effective temperature, A = 265 MPa -the yield stress, B = 426 MPa -the strain factor, n = 0.34 -the strain exponent, m = 1 -the temperature exponent, and C = 0.015 -the strain rate factor. A, B, C, n, T melt , T room , and m are material/test constants for the Johnson-Cook strain rate dependent yield stress for Al 2024 T351 [3, 7] . Figure 4 shows the temperature fields in the longitudinal cross-section after 1.0 s -step1, when rotation speeds is 350 rpm. The welding speed is 120 mm per minute, and plunge depth is 0.2 mm. The heat transfer through the bottom surface of the workpiece is controlled by the heat transfer coefficient of 1000 W/m 2 K. A constant friction coefficient of 0.3 is assumed between the tool and the workpiece and the penalty contact method is used to model the contact interaction between the two surfaces. Heat convection coefficients on the surface of the workpiece are h = 10 W/m 2 K with the ambient temperature of 200°C [8] [9] . The temperature in the matrix under the tool is in the range between 430 and 500°C, which is lower than the melting temperature of the alloy 2024 T351. This transient temperature field is close to symmetrical and suitable for starting the longitudinal motion of the tool. Figure 5 shows the temperature fields of the welding plate after 7.0 s and 10.0 s, in step 2 (weld period). The tool rotational speed is 350 rpm and plunge depth is 0.2 mm. The welding speed is 120 mm/min. The temperature filed is approximately symmetrical along the welding line.
Results and discussion
This can be seen by monitoring the progress in temperature for two nodes ( fig. 6 ): the first node -T1 (12, 0, 0) is positioned beside the shoulder and the second node -T2 (25, 0, 0). Figure 3 shows the co-ordinates of points T1 and T2. In the first node the temperatures is stabilizes at~380°C after t = 3 s. Figure 7 shows the plunge force during the FSW process for different rotating speed: 350, 400, and 450 rpm. After establishing of contact during the plunge period, a plunge force of 65 kN is observed. The force then drops as the material plasticises and softens under high stress and temperature increase. As the weld phase starts, the vertical force converges toward a steady-state condition. When the rotational speed is increased, the plunge force can be reduced. Figure 8 shows the equivalent plastic strain fields in the longitudinal cross-sections for different rotating speed: 350, 400, and 450 rpm, after 10 s -step 2. The welding speed is 120 mm per minute, and plunge depth is 0.2 mm. The deformation of material near the top surface is larger than that near the bottom surface. There is a lower plastic strain region on the bottom behind the tool in the trailing side [4] . With increasing rotation speed, this region is reduced. Figure 9 shows microstructure in the transverse cross-section. The black line indicates the extent of the flow arm and nugget, which are comparable with the regions with high equivalent plastic strain shown in fig. 10 . The equivalent plastic strain is increased on the advancing side. Advancing side to the right and retreating side to the left. The advancing side of the weld is defined as the side on which the rotational velocity vector of the welding tool has the same sense as the translational velocity vector of the tool relative to the workpiece. The retreating side is where the two vectors are of opposite sense [10] . · When the rotational speed is increased, the plunge force can be reduced. · A lower plastic strain region can be found near the welding tool in the trailing side on the bottom surface. · With increasing rotation speed, the low plastic strain region is retreating. · The equivalent plastic strain is increased on the advancing side in comparison with the returning side.
